Engineering, is a new laboratory course for freshmen. Unlike most freshman engineering courses, ECE 110 provides substantial design and problem solving experiences with electronic devices and electrical systems. To convey fundamental concepts and principles in electrical and computer engineering, ECE 110 is directed toward the design of an autonomous electric vehicle. Each laboratory session focuses on one subsystem of the vehicle, such as the power supply, the infrared photodiode sensors, and the digital pulse width modulation circuit to control motor speed. The last four weeks culminate in a design challenge: each pair of students enhances their vehicle to negotiate a previously unseen course with obstacles. Topics are covered in lectures as they are needed in the laboratory. To motivate the study of mathematics, physics, and enTo help students decide on a major To introduce students to the entire spectrum of electrical and computer engineering, and thereby to appreciate the relationships among its subdisciplines We discuss each of these reasons in more detail.
W 1 IO, Introduction to Electrical and Computer En@-
neering, to provide a substantive engineering experience for freshmen, for lhree principal reasons:
To motivate the study of mathematics, physics, and enTo help students decide on a major To introduce students to the entire spectrum of electrical and computer engineering, and thereby to appreciate the relationships among its subdisciplines We discuss each of these reasons in more detail.
In virtually all engineering curricula, students must complete basic courses in mathematics, physics, and engineering sciences before they can take any courses on engineering design. Most students do not understand why topics in these basic courses, which are abstract and theoretical. are relevant preparation for professional courses. Students lack motivation to study calculus and physics because they lack relevant experiences that would put these sub.jects in an engineering context. In the past, many students who entered engineering colleges were hobbyists and tinkerers who had worked on ham radios and automobile engines. Today, few engineering freshmen have had substantial experiences with electrical and computing systems. Indeed, with the miniaturization of microelectronics, few freshmen have had direct experience with electronic devices such as transistors. ECE I IO Even before students complete the calculus and physics sequences, they must choose majors, and many students make their choices out of sheer ignorance. A student cannot rationally choose a major and possible career in electrical or computer engineering before taking a course in the subject, to learn what electrical engineers and computer engineers do. The typical student majoring in electrical or computer engineering does not take a course in the discipline until the sophomore year. ECE 1 10 enables freshmen to learn something about electrical engineering and computer engineering, while preparing potential majors for further courses.
Having chosen to major in electrical engineering or in computer engineering, students tend to see these curricula as a jumble of arbitrary, unrelated courses-or worse, as merely a series of hurdles to overcome. They do not appreciate the relationships and connections among different parts of electrical and computer engineering. ECE 1 10 helps rectify this situation.
Although these are strong reasons to provide a substantive freshman-level course in electrical and computer engineering, we are aware of only a few prior efforts at California Institute of Technology [I] I IO is the r m s voltage for standard electrical outlets, and 1 IO is a binary number.) ECE 1 I O is directed toward the analysis, design, and construction of an autonomous electric vehicle with sensors and effectors; the vehicle can follow a reflective line around a closed curve with turns of varying radii. We have chosen a moving vehicle as the central theme because it captures and sustains the students' attention-from the first class meeting, in which the vehicle is demonstrated-through the entire semester. The course ties theoretical material on circuits, electromagnetics, electronics, control, and digital systems together with the practical task of assembling a working system, as follows: The entire vehicle is decomposed cleanly into subsystems that are analyzed and understood separately. Initially., each component is treated as a black box, with a simple behavioral model; for example, transistors are defined by their I-V characteristics. Most components are then examined in more detail. The relationship between devices and systems is a recurring theme in ECE 110. Students learn when a system should be treated as a component of a larger system, and when a device should be treated as a system composed of smaller components.
Concepts and principles are discussed in the classroom when they are needed to understand each subsystem of the vehicle in the laboratory; that is, the schedule of laboratory sessions determines the sequence of lecture topics. See Table I . Although new ideas are introduced each week, the vehicle provides a coherent framework for organizing these ideas. Thus, in contrast with other courses, students are not overwhelmed by a melange of isolated facts.
While gaining knowledge and experience with these ideas, both in the classroom and in the laboratory, students in ECE 110 begin to develop skills that will be useful in later courses, and eventually in their careers. Students learn basic teamwork skills by working with other students to design and improve a complicated system. Students leam problem solving skills through both the homework and the laboratory experiments. Each experiment challenges the student to go beyond what is prescribed by the experiment itself: for instance, to choose between alternative designs, to use components in ways that are not obvious from their data sheet descriptions, to take some components beyond their maximum ratings (with appropriate precautions), or to improve circuits that are not optimal. Thus, the experiments always stimulate analytical and critical thinking.
PHILOSOPHY OF ECE 110
But my greater concern is the education of children. Too much of their formal education is dull and rote-the learning of formulas and methods. Some of this is useful and necessary, but it often dominates the school day and most of the school year. Teachers often devote little time to the fascinating human-made and natural phenomena right around us. Exploration just for its own sake, and manipulation just because something is beautiful and fun, seem to be left at the school door.--Bernard Zubrowski The students of ECE 110 are divided into laboratory sections, each of which meets once per week for three hours. Every week, the entire class meets for three hours of lectures. Lectures and laboratories complement each other.
To simplify the explanation of concepts, lectures and texts use ideal mathematical models, which can be implemented In the third lab session, a student guides his vehicle manually along on computers. This approach leads to problems and questions whose answers are known, predictable, and exact. In a laboratory environment, however, problems and questions about real devices have answers that are unknown until an experiment is performed; the answers may be unpredictable and inexact. Thus although ideal models and computer simulations are helpful, they are not substitutes for laboratory experiments.
Lectures and texts tend to put students in a passive mood: there is rarely a dialogue during a lecture, and none when studying a text. In a lecture course there seems to be an urgency to transfer a torrent of information from the instructor to the student. Students feel forced to memorize the material before an examination, only to forget it soon afterwards. This emphasis on performance leaves no room for creativity. In contrast, well-conceived laboratory sessions can stimulate the student's self-confidence and self-expression, allowing opportunities for invention and creativity.
Throughout the semester, students in ECE 1 1 0 are encouraged to experiment on their own with the vehicle components, to determine their characteristics empirically, and to envision their possible interactions and applications. A student whose curiosity is piqued about a particular device or application can consult the reference materials in the laboratory and in the engineering library. Furthermore, students exercise their Students add sensors and digital logic to steer the vehicle along creativity by preparing for the design challenge and contest at the end of the semester.
Consequently, in ECE 110, much of how and how much to learn is decided by the students themselves. There is no required preparation for the laboratory sessions; no homework is generated by the laboratory sessions. Nevertheless, there are examination questions that students will be able to answer because of what they have leamed in the laboratory. Only the laboratory notebook is allowed during examinations.
IV. THE ECE 1 10 LABORATORY
The laboratory is the heart of ECE 110. For the first ten weeks, each laboratory session focuses on one subsystem of the vehicle. During the last four weeks, the laboratory assignments are open-ended, and they culminate in a design challenge: each pair of students designs and implements a control unit to make their vehicle negotiate a previously unseen course with obstacles. There is an optional contest in which vehicles joust against each other.
Over the course of the semester, the vehicle evolves through five versions of increasing sophistication:
1. Basic vehicle (Week 3). The vehicle has two sets of motorized wheels powered by two independently controllable motors. One motor drives the wheels on the left In preparation for the optional contest, a student works on a mechanism to launch two rubber balls that are aimed into a small net on the side, the other motor the wheels on the right side. The motors are connected directly to mechanical switches through an "umbilical cord." The motor speed is controlled manually with a variable resistor. See In the appendix we present Experiments #7 and #8. Each symbol represents an element that students have studied in previous experiments. Notice that the circuit proposed to follow the white band needs a minor-but important-modification to work properly. The students must figure this out.
The autonomous vehicle that the students develop during the semester offers the following metaphor. Let us distinguish between instructors, who train people for specific tasks, and educators, who prepare students for independent learning. An instructor (trainer) keeps the command box attached to the vehicle (trainee) as long as possible; an educator (teacher) strives to cut the umbilical cord as soon as the vehicle (student) can be autonomous. This metaphor suggests that a laboratory course should include time for students to express themselves with what they are learning, i.e., to go beyond what the formal experiments prescribe. In this sense, ECE 110 could well be a model for more advanced laboratory courses.
v. ECE 110 IN THE CURRICULUM ECE 1 I O is a four semester hour course. To ensure a basic level of mathematical sophistication, credit or registration in first semester calculus is required. There are no other prerequisites.
We expect that ECE 110 will replace our sophomore-level With a working version of the vehicle every two to three weeks, students experience success throughout the semester. The emphasis on milestones. continual improvement, and repeated success distinguishes our approach from completely open-ended projects in other freshman design courses at Ari- A vehicle ready for the contest. The launch mechanism is on the top level; digital logic to control motor speeds on the middle level; and students from community colleges, and students in other engineering curricula who take ECE 270, however, junior standing could be an alternative to ECE 110 for prerequisite purposes.
VI. THE FIRST OFFERING
A pilot version of ECE 110 was offered during the spring of 1993 with 22 students. The students responded enthusiastically. Almost all liked the laboratory-driven structure of the course, and they said that the course would be a positive addition to the curriculum. ECE 110 showed students that both analysis and experimentation are required to solve difficult problems. In the laboratory, students discovered that the real world does not follow the neat formulas from lectures and textbooks exactly. Conversely, in preparing for the design challenge, they discovered that random trial-and-error will not lead to a solution. Most teams started by tinkering with their vehicles to try to get them to work. After several frustrating hours, the students stepped back and systematically analyzed what motor speeds should be used in what situations, using information from careful measurements of their vehicle's characteristics. Then they applied tools such as boolean algebra, which they learned in class, to design a control circuit to map eight or more sensor inputs to two 4-bit motor speeds. ECE 110 will be offered again in the spring of 1994 with more than 40 students. Changes necessary to accommodate more students will not affect the philosophy of the course. We shall keep the same grading criteria: 50% based on lectures (homework and examinations), and 50% based on laboratories (laboratory work and notebook). We shall enhance the vehicle with increased speed, reverse movement, and rechargeable batteries.
After our experience with the pilot offering, we plan to staff the course with two faculty members and several teaching assistants (TAs). One faculty member will be in charge of organizing and further developing the laboratory experiments and laboratory notes. This person will meet weekly with the TAs and will be present at every laboratory session for at least part of the session. Each TA will be in charge of a laboratory section with at most 10 students (five teams of two students each). In a laboratory with 10 benches, every session can handle two sections (20 students). The second faculty member will be in charge of the lectures. This person will be expected to visit the laboratory sessions often.
We are not aware of an appropriate textbook for ECE 110. The standard introductory textbooks in electrical engineering, such as the text we used [13] , assume that students have completed at least one year of calculus, and usually some physics too. We hope to develop text materials that would be suitable for freshmen.
VII. SUMMARY
Because of the breadth of the topics and the inexperience of the students, ECE 110 is intellectually challenging. From the pilot offering, we have found that the course's goals are ambitious, but achievable: students rise to the level of our expectations. Having successfully constructed a real, working system, students leave ECE 110 with the confidence to undertake further technical courses, particularly design courses.
ECE 110 provides students with experiences to motivate the study not only of mathematics and physics, but also of subjects in the required courses in the department. Through ECE 110, we hope to convey the excitement of electrical and computer engineering. 
APPENDIX

A . Experiment #7
That you leam about the rellective object sensors to be used in the vehicle so that it can sense the white tape and similar obstacles while it runs on the board. The reflective object sensors are dual devices: they contain an infrared (IR) emitter and an infrared receiver (or detector).
Both are oriented so that a reflective surface placed in front of the sensor will reflect the infrared emission into the receiver. For example, a white surface will reflect the infrared light and activate the receiver (or detector). If no surface or a black surface is placed in front of the sensor, the receiver will not be activated.
Proposed Objective:
See Fig. 5 . 
In the Laboratory:
Purt A: A . l With the vehicle upside down on its stand, plug one sensor on the bar at the front of the vehicle. Make sure that the polarity is correct before turning the power on. See Fig. 6 . With the vehicle right side up on its stand connect the circuit in Fig. 7 using the appropriate modules.
Remember to connect I+c to pin 14 and Ground to pin 7 on each of the NAND and NOR modules that you use. The protobar itself needs VCC and GND. Turn the power on. Observe the outputs of the sensor and the NAND gate on the oscilloscope while presenting alternatively a white and a black surface in front of the sensor. Do you detect any influence from the ambient light'? A.2 Turn the power off. Build the circuit in Fig. 8 , tuming the vehicle upside down on its stand to place the two sensors near the center of the bar. Turn the power on and with the vehicle right side up on its stand, observe the outputs of the NAND gates while you present a narrow strip of white paper (modeling the white line on the board) to one or both of the sensors. Is the ambient light a problem'? Fill in the following A.3 Tum the power off. Modify the circuit to match Fig. 9 . Turn the power back on and using the white strip fill in the following 
If you wish you may try the remaining combinations of values for the sensors, but keep in mind that the goal is to design a circuit that will enable the vehicle to follow the white line on the board and stop if the line is too wide (defined as an obstacle).
Refine the construction of the circuit on the protoboard; e.g., place the NAND and NOR modules as close to the CA module as possible, make the interconnecting wires as short and elegant as possible, etc. This is necessary because you are going to use this circuit (or a very similar one) for some time during the following experiments. It will also help in debugging later on. 
Ekperiment
#8
That you leam about feedback in a control loop. Without the umbilical cord the vehicle cannot receive commands from the command box. During this experiment you will endow the vehicle with autonomy. The vehicle will follow a white band on a dark background and will stop if the band is too wide (an "Obstacle") without extemal commands. Notice that the autonomous vehicle will handle its own environment defined by what lies between its effectors (the motors) and its sensors (the IR modules) from the perspective of the autonomous vehicle. In other words, while the autonomous vehicle moves in its environment (the black board with the white lines), the data provided by its sensors (the IR modules) is processed in its logic modules (the NAND and NOR modules) in order to activate or deactivate its effectors (the motors) which move the vehicle, thereby generating new data for its sensors. Therefore, the environment of the vehicle, its sensors, its logic modules and its effectors form a closed loop system or control loop.
Proposed Objective:
In the Laboratory: Purt A: A.l With the same precautions that you have already leamed from previous experiments and with the vehicle on its stand, build circuit in Fig. 1 1 on the protoboard and protobar (part of it may be already built). Place LS2 and RS2 as far apart as possible on the protobar. A.2 Turn the power on and, with the vehicle still on its stand, test the response of the motors to different activations of the sensors with a piece of white paper (e.g., a white index card). When you are satisfied, tum the power off and take the vehicle to the board, place it over the white band of paper, turn the power on and observe the behavior of the autonomous vehicle. Does it follow the white band? If it does not, can you modify the circuit so that it does follow it? Modify the circuit until the vehicle follows the path defined by the white band. How does it respond to different shapes of the path? When does it have problems following the band? How should it behave in your opinion? Etc. Take good notes in your notebook about these observations. Notice that the control loop in this experiment is very crude: the motors are only on or off. However, the results (i.e., the vehicle following the band) are already quite impressive and you should feel justly proud of your accomplishment. Experiment with your autonomous vehicle following different shapes of the path defined by the white band. Change the position of the sensors on the protobar and observe the behavior of the vehicle again. Remember to place the vehicle (upside down) on its stand and to turn the power off every lime that you change the position of the sensors. Take good notes (in your notebook) of these experiments. If the white band zig-zags does the vehicle movement become unstable? Does it lose the track? Etc. Think how you could improve the behavior of the vehicle and write your ideas in your notebook.
Remember the challenge and the contest at the end of the semester and think how the behavior of the vehicle relates to it.
Part B:
In 1960, he joined the faculty ot the Department He is a Research Engineer and an Adjunct Assistant Professor of Electrical and Computer Engineering at the University of Illinois, with research interests in audio signal processing, computer architecture, and user interface hardware and \oftware. He is leader of the CERL Sound Group. and has developed real-time audio signal processing hardware and software, focussing primarily on analysis and synthesiq of musical instrument tones. He is co-author of a sophisticated music notation editor, Lime. He is also leader of the hardware design group for the Zephyr, a high\peed mainframe computer built at the University of Illinois Computer-based Education Research Laboratory The Zephyr provides centralized program execution and datakeeping for thousand: of 5imultaneous users on NovaNET, a real-time nationwide network used for computer-based instruction
